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The induction of the vulva of the nematode Caenorhabditis
elegans is today recognized as one of the premier systems
for studying receptor tyrosine kinase function. More than
40 genes have been identified that modulate intercellular
signaling during vulval induction, most have been seq-
uenced, and it is clear that the modus operandi of this signal
transduction pathway is highly similar to that of its coun-
terparts in other multicellular organisms [1,2] (Fig. 1).
Contrast this with the situation at the beginning of 1990,
when Kim and Horvitz [3] reported, with evident conster-
nation, that the sequence of lin-10, a gene essential for
vulval induction, revealed no obvious similarity to any pre-
viously cloned gene from any organism. 
This news about lin-10 would not have been so trouble-
some, had it not been the first gene required specifically
for vulval induction to be cloned and sequenced. Could it
be that vulval induction is mediated by a novel signaling
pathway, with no obvious medical relevance? Fortunately,
the suspense was relatively short-lived. Later that same
year it was revealed that two other genes required for
vulval induction, let-23 and let-60, encode homologs of the
vertebrate epidermal growth factor (EGF) receptor and
the Ras small GTPase, respectively [4–6]. Since then, the
floodgates have remained open and the correspondence
between signaling components in vertebrates, insects and
nematodes is now largely taken for granted.
Meanwhile, the role of lin-10 has quietly continued to
elude definition. To a large degree, this can be explained
by its stubborn resistance to matching up with a homolog
in any of the databases. Sensibly enough, analysis of lin-10
was relegated to the ‘to do’ list, while the other induction
genes were being given a once over. Happily, the benign
neglect method appears to have triumphed once again;
insight into the probable function of lin-10 has recently
emerged from work on two other genes, lin-2 and lin-7,
whose epistasis properties have traditionally lumped them
together with lin-10 in the same obscure tributary of the
signaling cascade (Fig. 1). 
The lin-2 gene product, LIN-2A, is a member of the
MAGUK (membrane-associated guanylate kinase) family
of cell junction proteins [7]. All MAGUK proteins contain
a region of homology to guanylate kinase, a Src-homology
3 (SH3) domain, and one or more PDZ domains [8,9].
LIN-2A, also contains a large amino-terminal domain with
similarity to calcium–calmodulin kinase II (CaMKII). As
has been found for other MAGUK proteins, catalytic activ-
ity of LIN-2A’s guanylate kinase domain is not required
for wild-type function [7]. Similarly, mutations that oblit-
erate the potential for kinase activity of the CaMKII
domain do not have drastic effects on biological activity
[7]. Large scale disruption of the CaMKII domain,
however, renders LIN-2A incapable of supporting vulval
induction. A likely possibility is that the kinase homology
domains serve as binding sites for protein–protein interac-
tions. LIN-2A’s SH3 domain has not been mutated to
assess its function, but it has many potential binding part-
ners, including the c-Cbl homolog encoded by sli-1 [10].
The PDZ domain of LIN-2A is also predicted to
participate in protein–protein interactions. PDZ domains
are named after the three proteins in which they were first
Figure 1
Regulatory relationships between genes of the vulval induction
pathway [1,2]. The type of protein encoded by each gene, where
known, is indicated in brackets (see text for details). let-23 is required
in different tissues for viability, fertility and the execution of vulval cell
fates.
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identified: the mammalian post-synaptic density protein
PSD-95, the Drosophila lethal(1)discs-large-1 tumor suppres-
sor protein DlgA, and the mammalian zona occludens
protein ZO1. The PDZ domains of the mammalian
MAGUK proteins, PSD-95 and p55, have each been found
to bind to the carboxy-terminus of specific transmembrane
proteins [9]. In view of this, a reasonable guess would be
that the PDZ domain of LIN-2A binds to the carboxy-
terminus of the LET-23 EGF receptor homolog; however,
the recent results of Simske et al. [11] suggest that this
portion of LET-23 may interact instead with the lin-7
gene product.
LIN-7 is substantially smaller than LIN-2A — 297 amino
acids, compared with 895 — and its amino-terminal half
shows no similarity to any known protein [11]. The
carboxy-terminal region of LIN-7, however, is about 50 %
identical to the PDZ domain of the Drosophila MAGUK
protein DlgA. The likely function of LIN-7 was first
hinted at by the observation that full-length LIN-7 can
bind to the intracellular portion of LET-23, both in vitro
and in the yeast two-hybrid assay for protein–protein
interactions [11]. What is more, it has recently been found
that LIN-2A can bind to the amino-terminal portion of
LIN-7 in vitro, suggesting the possibility that LIN-2A,
LIN-7 and LET-23 form a ternary complex in vivo (S.
Kaech and S. Kim, personal communication). 
In order for the suggestion that LIN-2A and LIN-7 physi-
cally interact with LET-23 in vivo to be taken seriously, it
is necessary to demonstrate that they are expressed within
the same cells. This has been satisfactorily shown by
genetic mosaic analysis [7,11–13]. All three genes must be
expressed by the vulval epidermal cells in order for signal
transduction to proceed successfully.
What, then, is the function of LIN-2A and LIN-7 within
the vulval epidermal cells? Some types of MAGUK
protein, such as Drosophila DlgA, play critical roles in
maintaining the structure of cell junctions. In Drosophila
with mutations affecting DlgA, the imaginal disk epithe-
lial cells exhibit defects in intercellular adhesion, lose
their apicobasal polarity and undergo excessive mitotic
proliferation [14]; however, neither LIN-2A nor LIN-7 is
required for the maintenance of cell junctions. Even
animals that carry null mutations in both lin-2 and lin-7
have no obvious defects in the structure of intercellular
junctions (S. Kim, personal communication).
The lack of an overt structural phenotype might be taken
as an indication that LIN-2A and LIN-7 are not junctional
proteins after all. Immunolocalization experiments,
however, indicate that LIN-7 does reside at the cell junc-
tions of the vulval epidermal cells (there is a proviso to
this experiment, however, in that the animals examined
are expressing higher than normal levels of LIN-7) [11].
Moreover, when green fluorescent protein (GFP) is
attached to LET-23, the fluorescence of the fusion
protein shows a similar junctional pattern [11]. Careful
comparison between the localization patterns of LET-23
and MH27 — a monoclonal antibody specific for epithelial
cell junctions in C. elegans — shows that LET-23 is
present on the basal side of the vulval cell junctions.
Therefore, a reasonable model is that LIN-2A and LIN-7
act together to maintain the basolateral localization of
LET-23 (Fig. 2).
The localization pattern of LET-23 undergoes a series of
dynamic changes around the time of the vulval inductive
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Figure 2
Intercellular signaling during vulval induction. (a) The patterning of the
C. elegans vulva can be explained by a two step model [1,2,12,13,16].
In the first step, the anchor cell (AC) produces a ligand, LIN-3, which
interacts with the receptor LET-23 on the underlying Pn.p epidermal
cells; the Pn.p cell nearest the AC receives the highest signal level
(dark red arrow) and adopts the so-called primary cell fate. In the
second step, the committed primary cell produces a signal that
mediates lateral inhibition (blue arrows), so that the adjacent cells
adopt the secondary, rather than primary, cell fate. Pn.p cells that
receive neither signal adopt the tertiary cell fate. (b) LIN-7 and LET-23
are known to localize to the Pn.p cell junctions [11]. This localization
may be mediated by association with LIN-2A, transmembrane
junctional proteins (TJPs) and possibly even LIN-10.
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period, when the basally-situated gonadal anchor cell pro-
duces the LIN-3 ligand ([11] and S. Kim, personal commu-
nication). Most notably, the end of the inductive period is
accompanied by a shift in LET-23 localization from a
narrow basolateral position to a broadly-distributed apical
pattern. Presumably this shift prevents further inductive
signaling, as the LIN-3 ligand produced by the anchor cell
is unlikely to be able to traverse the junctional barrier.
The mechanism that underlies the redistribution of LET-
23 is unknown. Possibly, LET-23 protein is transcytosed
from the basal to the apical membrane, or even directly
translocated across the junction without leaving the surface
membrane. Alternatively, the rate of LET-23 turnover
might be sufficiently high for its steady-state distribution
to be altered rapidly by redirecting newly synthesized
LET-23 at the level of the trans-Golgi compartment. The
possibility that an alteration in vesicle traffic is important
for downregulating LET-23 is particularly attractive, as
mutations in unc-101, which encodes the C. elegans AP50
(clathrin-associated protein) homolog, can suppress weak
alleles of let-23 [15].
Surprisingly, the absence of LIN-2A and/or LIN-7 does not
result in a dispersed basal distribution of LET-23. Instead,
the receptor is constitutively localized to the apical mem-
brane [11]. As in the wild-type situation, the mechanism
behind this is unclear, but could involve either the direct
targeting or secondary retention of LET-23 on the basolat-
eral surface. Although LIN-2A and LIN-7 are clearly
important for maintaining a high level of LET-23 at the
basolateral domain, it so happens that they are not essential
for LET-23 function. Overexpression of LET-23 can
rescue the lin-2 and lin-7 mutant phenotypes almost com-
pletely [11]. This may be due to residual basolateral target-
ing mechanisms that are sufficient to provide an adequate
degree of localization when LET-23 is overexpressed.
All of which brings us back to lin-10. Overexpression of
LET-23 is also capable of efficiently rescuing the vulva-
less phenotype of lin-10 mutants [11]. The distribution of
LET-23 in lin-10– animals has not yet been examined, but
it’s a fairly safe bet that the receptor will be apically local-
ized, as in the lin-2 and lin-7 mutants. And, now that lin-2
and lin-7 have been implicated in an interesting and well-
defined function, maybe some researchers will be inspired
to take a closer look at lin-10. 
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